Abstract Purpose: Proteomic profiling of patients undergoing intensity-modulated radiotherapy (IMRT) for prostate cancer can identify unique biomarkers that reflect acute toxicity in normal tissues. Our objectives were to measure inflammatory cytokine proteins during IMRT and assess the variability of individual proteomic signatures. Experimental Design: Forty-two patients with intermediate-risk prostate cancer were recruited as follows: group 1, definitive IMRT (78 Gy in 39 fractions, n = 22), and group 2, IMRT postprostatectomy (66 Gy in 33 fractions, n = 20). Blood/urine samples were collected at baseline and weekly during IMRT. Acute toxicity was graded weekly during radiotherapy using CTC-AE v3.0 criteria. Multiplexed immunoassays were used to quantify cytokines including granulocyte macrophage colony-stimulating factor, IFN-γ, tumor necrosis factor-α, interleukin (IL)-1α, IL-2, IL6, IL-8, IL-10, and IL-12p70. Results: We observed positive correlations between cytokine expression between serum and plasma, but not between serum/plasma and urine. The Mann-Whitney test showed a significant increase in IFN-γ and IL-6 during IMRT (P = 0.0077, 0.0035). Increasing IL-2 and IL-1 expression were associated with increased probability of acute gastrointestinal and genitourinary toxicity, respectively. Conclusions: Determination of radiation-response signatures is feasible using multiplexed immunoassays and is a promising predictive early biomarker of toxicity outcomes. (Clin Cancer Res 2009;15(17):5576-83) Cellular damage caused by ionizing radiation induces specific proteins involved in DNA repair, cell death, inflammation, and other pathophysiologic responses (1). The majority of biomarker studies in radiation oncology have focused on predicting tumor response and survival (2). Clinically, the acute toxicity of prostate cancer radiotherapy manifest as gastrointestinal and genitourinary symptoms based on validated scoring criteria, [e.g., Common Terminology Criteria for Adverse Events (CTC-AE); ref. 3]. Radiotherapy dose escalation using intensity-modulated radiotherapy (IMRT) is associated with improved biochemical tumor control, yet still has radiation-induced toxicity. Dose-dependent markers of acute normal toxicity could help predict individuals at increased risk of radiotherapy-related injury and help to maximize the therapeutic ratio for individual patients.
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Rubin and colleagues were among the first to describe the role of cytokines (small glycoproteins involved in intercellular signaling) in mediating radiation toxicity (4) . They showed in preclinical and clinical lung studies that levels of interleukin (IL)-1, transforming growth factor (TGF)-β, and tumor necrosis factor (TNF)-α were increased immediately after radiation exposure, and that chronically elevated TGF-β levels were associated with increased risk of pulmonary fibrosis. The link between radiation toxicity and cytokine expression is supported by studies showing that prolonged cytokine expression postradiotherapy is correlated to specific lung radiopathologies (2) . Recently, Evans and colleagues assessed the utility of TGF-β as a predictor of radiation pneumonitis when combined with dosimetric and tumor parameters (5) . They found that TGF-β ratios ≥1 were predictive of radiation pneumonitis in patients with 30 Gy delivered >30% of their lung volume. This agrees with other clinical studies (6, 7) that show that increased TGF-β during radiotherapy predicts for radiationinduced pulmonary injury.
Ménard and colleagues (8) identified 23 protein fragments, including an IL-6 precursor, that were uniquely expressed in patients during radiotherapy compared with pretreatment controls. Although the majority of radiotherapy clinical studies looking for correlations between cytokines and treatment outcome have focused on measurements taken prior to and at the end of treatment, there are two notable longitudinal cytokine trials to mention. Allen and colleagues (9) found that longitudinal increases in IL-6, IL-8, vascular endothelial growth factor (VEGF), HGF, and GRO-1 during radiotherapy were significantly associated with decreased cause-specific survival in Head and Neck Squamous Cell Carcinoma (HNSCC). Similarly, Kovacs and colleagues (10) reported that expression patterns of IL-1α, M-CSF, and TGF-β follow cyclical waves in patients during conventional wide-field radiotherapy for prostate cancer, where waves of proinflammatory IL-1α and M-CSF preceded profibrotic TGF-β. In summary, although cytokine levels are up-regulated in response to radiation (8) (9) (10) (11) , the temporal pattern of these changes during radiotherapy has not been closely studied.
As cytokines may, in part, mediate radiation injury (2, 4, 12) it stands to reason that differential cytokine expression may serve as an indicator of cell and tissue toxicity during prostate cancer radiotherapy. We sought to determine temporal profiles of cytokine expression during radiotherapy for intermediaterisk prostate cancer patients treated with definitive and postprostatectomy radiotherapy. The goals of this study were 3-fold: (a) to determine the feasibility and validity of longitudinal proteomics research within radiotherapy in terms of patient compliance, quality assurance, and sample handling variability; (b) to explore longitudinal serum cytokine patterns; and (c) to compare preradiotherapy cytokine signatures between the definitive and postprostatectomy cohorts to identify a prostate tissue-specific signature.
Materials and Methods
Study population. Forty-two patients with a diagnosis of prostate cancer and receiving either definitive IMRT of 78 Gy (n = 22) or postoperative (adjuvant or salvage) IMRT of 66 to 70 Gy (n = 20; 2 Gy per fraction) were enrolled in this pilot study. None of the patients received hormone therapy at any point during this study. Patients were recruited from December 2006 to December 2007. This study was approved by the University Health Network Research Ethics Board (UHN REB #06-0546-CE) and informed consent was obtained from all subjects prior to study enrolment.
Eligibility for this study was based on a diagnosis of histologically confirmed, locally confined prostate adenocarcinoma. The definitive radiotherapy group had intermediate-risk prostate cancer (T 1c-3C ; Gleason score 6 or 7) and a maximum prostatic volume <80 cm (13) . Patients in the postprostatectomy radiotherapy group (pT [2] [3] [4] ; Gleason score 6, 7, or 9) had a prostate-specific antigen (PSA) >0.05 ng/mL following surgery or positive surgical margins, and were prescribed IMRT. Patients were excluded if data regarding previous cancer therapy were unobtainable or if patients did not consent to serial blood and urine collections. All patients were planned and treated using image-guided IMRT. Definitive IMRT patients received a total dose of 78 Gy in 39 fractions, and postprostatectomy patients received a total dose of 66 Gy in 33 fractions. IMRT planning to the prostate gland and definition of the postoperative group IMRT treatment volume have been previously described (14, 15) . Quality assurance for image-guided radiotherapy was achieved by daily fiducial marker matching for definitive IMRT treatments and by bony anatomic matching for postoperative IMRT treatments.
Patient blood and urine sampling and processing. Blood samples were obtained from patients at two pretreatment appointments (radiotherapy education and computed tomography simulation) and at every 5th fraction during IMRT. The first 13 patients had samples collected every 10th fraction. Patients had additional samples drawn on the last day of treatment. Ninety percent of patients had two baseline samples drawn preradiotherapy.
At every collection, a sample of peripheral blood was drawn into a vacutainer containing clot activator and gel for serum separation (BD Vacutainer). Samples were immediately placed on ice for transport to the laboratory. Time from sample collection to processing did not exceed 45 min. Provided that samples were kept on ice and centrifuged within 2 h, analysis of serum cytokine levels has previously been shown not to show any significant variability or artifacts ex vivo (16) . Blood samples were centrifuged (3,000 g × 10 min), and the platelet-free serum layers were separated from the blood and aliquoted into cryotubes that were coded and then frozen at -80°C until analysis.
Grading radiation-induced toxicity. Patient-derived toxicity grading was prospectively collected using CTC-AE v3.0 (3, 17) . Patients were asked to complete questionnaires concerning symptoms of rectal or bladder injury prior to and every week during radiotherapy as part of their standard care.
Sample analysis. Reporting of cytokine measurements and analysis were completed using the National Cancer Institute and European Organization for Research and Treatment of Cancer recommendations for reporting tumor marker prognostic studies (REMARK; ref. 18 ). For IFN-γ, the average coefficient of variation (CV) of the assays was 14.6% ± 8.3 (range, 0.6-29.7). For IL-6, the average CV of the assays was 4.9 ± 4.3 (range, 0.2-16.3). Thus, the respective increases in IFN-γ and IL-6 reported across the entire cohort were within the average of the coefficient of variation (CV) of the assays, and in both cases the increase reported was greater than the maximum CV reported for the assays.
All analyses were carried out blind to patient and therapy factors. The expression of the cytokines granulocyte macrophage colony-stimulating factor, IFN-γ, TNF-α, IL-1β,IL-2, IL-6, IL-8, IL-10, and IL-12p70 were measured using a multiplexed immunoassay (Human Pro-inflammatory 9-Plex) from Meso Scale Discovery (MSD), LLC. In all cases, the assays were done according to the manufacturer's instructions. Cytokine concentration was quantified using a SECTOR Imager 2400 plate reader
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(MSD) and preliminary analysis with MSD Discovery Workbench Software v2.0. Each assay was run against a standard curve with a full range predetermined for each cytokine and sample source. For each assay, a standard curve was generated for detection between 2.4 pg/mL to 10,000 pg/mL.
Statistical analysis. All analyses were done using GraphPad Prism 5, SAS Version 9, and R software programs and with log-transformed data, unless otherwise stated. For all analyses, P ≤ 0.05 was taken as significant.
The Mann-Whitney U test was used to compare baseline cytokine expression for definitive IMRT versus postprostatectomy IMRT patients. Spearman coefficients were used to assess correlations between cytokine expression in plasma, serum, and urine (n = 12, pilot analysis) and correlations between maximum cytokine expression and volume of irradiated tissue (n = 42). The Wilcoxon sign-rank test was used to determine the effect of radiation on cytokine expression using aggregated median cytokine levels at baseline versus during IMRT. The difference between baseline and during-radiotherapy cytokine levels was also tested using a mixed modeling approach where dose was disregarded to confirm the results of the signed-rank test. Cytokine levels were modeled over dose by applying mixed modeling using log-transformed protein values as outcome and dose as the explanatory variable.
Acute radiation toxicity was modeled as CTC-AE v3.0 grade 2 or 3 (defined as toxicity) versus 0 or 1 (defined as no toxicity). The cytokines, radiotherapy dose, and type of regimen were tested for their association with toxicity using a generalized estimation equation model.
Results
The mean patient age in the definitive IMRT group was significantly older than the postoperative cohort (72 ± 4 years versus 62 ± 3years; P < 0.0001). The mean planning treatment volume (PTV) was 2.2-fold greater for the postprostatectomy group than the definitive IMRT group (P < 0.0001). The mean minimum and maximum doses to PTV were 1.4 and 1.1 times greater, respectively, for the definitive IMRT group compared with the postprostatectomy group (P < 0.0001 for both comparisons; see Table 1 for a summary of patient and treatment planning-related data). In the definitive IMRT group, PSA levels were significantly decreased immediately postradiotherapy at 6 to 8 weeks' follow-up versus preradiotherapy levels (P = 0.020). The change in PSA levels was not significant at the same time point for the postoperative group (P = 0.30).
Baseline cytokine expression in definitive versus postoperative IMRT cohorts. The average time from sample collection to initial processing by centrifuge was 18.5 minutes (range, 9.3 to 40 minutes; Supplementary Table S1 ). In an analysis of 12 patients, there was a high correlation between the absolute levels of all cytokines tested in serum versus plasma (Supplementary  Table S2 ). Because these samples were collected and analyzed separately, we conclude that the risk of artifact due to handling and processing was low. We subsequently focused on cytokine expression only in sera for the complete cohort of 42 patients. Patient compliance was excellent; of the 47 patients who originally consented, 89 % went on to complete the study. Regarding sample collection, 390 of 412 collections were successfully completed, which translates to a 95% success rate.
There were no significant correlations between any of the baseline cytokine levels and time from prostatectomy to start of radiotherapy for the postoperative cohort (Fig. 1 ). As such, we conclude that time from surgery to first fraction of radiotherapy treatment is not a significant confounding factor for cytokine expression in this treatment cohort. We also compared the baseline cytokine expression in the definitive IMRT group (intact prostate, n = 22) versus the postprostatectomy group (prostate removed, n = 20) to ascertain whether a (6) T 2a (2) T 2b (1) T 2b (1) T 3c (1) T 2c (4) unique prostate-specific cytokine signature could be identified (i.e. cytokines that are elevated in the definitive IMRT group only; Supplementary Fig. S1 ). Median cytokine values ranged from 0.2 to 11.8 pg/mL (definitive) and from 0.6 to 13.7 pg/mL (postprostatectomy). None of the cytokines were uniquely elevated in the prostate-intact group. We conclude that there is no unique cytokine signature for prostate cancer for patients with an intact prostate within our cohort and our cytokine panel tested. Intrapatient variance of cytokine expression during radiotherapy. Figure 2 shows the ratios of cytokine variability within patients to the total variability calculated for the baseline and duringradiotherapy measurements with 95% confidence intervals. The ratio of the variance within patients to the total variance is reported as a measure of cytokine heterogeneity within the patient population. We observed that these ratios were similar at baseline and during IMRT for all cytokines tested.
Despite the variance being similar at baseline and during radiotherapy, we reasoned there could be differences between absolute expression levels. When the average cytokine levels from baseline and during radiotherapy were compared, we found that IFN-γ and IL-6 levels were significantly elevated in the treatment group over baseline (P = 0.0077 and 0.0035, respectively, n = 42; Fig. 3 ). Our models predicted that IFN-γ and IL-6 levels increase by 1.3-and 1.17-fold, respectively during radiotherapy as compared with baseline. When the treatment groups were analyzed separately, the difference in IFN-γ and IL-6 levels before versus during IMRT remained significant for the postprostatectomy group, whereas for the definitive IMRT group the differences were not significant ( Supplementary Fig. S2-S3) .
We also calculated associations between cytokine expression and irradiated tissue volume given that both dose and volume irradiated are important variables in mediating radiation response. For IL-12 only, there was a borderline significant association between maximum cytokine level and volume of tissue irradiated for the definitive IMRT group (P = 0.05). For other cytokines there was no association between treatment volume and cytokine expression.
Modeling time-dependent cytokine expression. We observed that IFN-γ and IL-6 levels were significantly associated with increasing radiotherapy dose over total treatment time. We investigated patterns of change in all cytokines relative to dose ( Supplementary Fig. S4 ). IFN-γ levels were significantly associated with a linear model (P = 0.009) whereas IL-6 levels were consistent with our hypothesis and significantly associated with a quadratic function (P = 0.001). Based on this Fig. 1 . Baseline cytokine levels as a function of time from radical prostatectomy to start of radiotherapy (n = 42). There is no correlation between this time interval and baseline cytokine levels (i.e., all P > 0.05).
model, the IL-6 maximum was predicted to occur at 42 Gy. These data suggest that IFN-γ and IL-6 change as the dose of radiation increases.
Associations with cytokine expression and patient-scored radiotherapy toxicity. We sought to determine if there was a relationship between cytokine expression and patient-reported gastrointestinal and genitourinary acute radiotherapy toxicity graded prospectively (summarized in Supplementary Table S3 ). The toxicity was modeled as grade 2/3 versus 0/1. Each of cytokine, radiotherapy dose, and the type of radiotherapy regimen was tested for association with toxicity using a generalized estimation equation model (19) . In general, as the dose increased, the probability of genitourinary and gastrointestinal toxicity also increased. Increases in IL-2 and IL-1 levels over baseline were significantly associated with increased gastrointestinal and genitourinary toxicity respectively regardless of the IMRT regimen (Supplementary Fig. S5 ). The analysis of IL-6 suggested that the increase of IL-6 is associated with the higher probability for gastrointestinal toxicity but it did not reach statistical significance. With regard to gastrointestinal toxicity, the predicted probability for toxicity was 0.8% for definitive IMRT and 10.3% for postprostatectomy patients. Figure 4 summarizes maximum cytokine concentration versus maximum patient-scored genitourinary and gastrointestinal toxicity for cytokines of interest (IL-6, IFN-γ, IL-1, and IL-2) as identified by statistical modeling. The association between gastrointestinal and genitourinary toxicity with the cytokine levels is summarized in Fig. 5 .
Discussion
Preclinical and clinical studies have shown that radiotherapy induces cytokine responses that could play a major role in mediating radiation toxicity. In this study, IFN-γ and IL-6 were found to significantly increase during IMRT. Previous studies have shown that IL-6 is a radiation-inducible cytokine (20) . For example, human lung fibroblasts respond to X-ray treatment with release of IL-6 (21). Recently, Ménard and colleagues identified an IL-6 precursor unique to radiation-exposed serum acquired from patients during radiotherapy (8) . However, one drawback of their study was that it included a range of cancer diagnoses and radiotherapy treatment plans. In this study, these factors were closely controlled and we still observed elevated IL-6 levels during IMRT, supporting a bona fide IL-6 response to prostate radiotherapy.
There are limited data regarding the relationship between IFN-γ and radiation exposure, although IFN-γ is known to be involved in growth arrest in normal and tumor cells (22, 23) . With regard to IL-1, we observed that its expression was associated with increased probability of genitourinary toxicity, although we were not able to establish a dose-response relationship as per Kovacs and colleagues (10) . Previous work has shown that radiation induces IL-1, which acts as a radioprotectant of hematopoietic cells (24) . Finally, the role of IL-2 in mediating radiation-induced toxicity is not well understood, although it is known to have multiple, sometimes opposing, functions during an inflammatory response, including stimulating the growth of T and B cells and the production of other cytokines (25) .
The total volume of irradiated tissue usually is assumed to have an influence on the development of tissue injury (5, 20) . Based on our models, IL-6 levels were predicted to be higher in the definitive IMRT group versus the postoperative for a given delivered dose. This was unexpected given that the postoperative group had a significantly larger irradiated volume (Table 1) . This is in contrast with previous clinical research that has shown a correlation between radiation volume and toxicity in lung cancer patients. For example, Rodrigues and colleagues reviewed the literature and found that V dose , defined as the volume of organ receiving a threshold dose (e.g., 25 Gy), was correlated with radiation pneumonitis in six previous studies (26) . Evans and colleagues found that TGF-β1 is predictive for radiation pneumonitis in patients undergoing lung radiotherapy with high V 30 (>30% and TGF-β1 ratios ≥1 during radiotherapy; ref. 5) . A lack of dose-volume effect for radiotherapy-induced cytokine expression for pelvis irradiation may be indicative of a low dose-volume threshold for cytokine induction whereby maximum cytokine expression is achieved over a narrow irradiation volume range. Although extensively studied, the exact relationship between radiotherapy-induced toxicity and pathology and dose-volume parameters is not straightforward. Morgan and Breitt discussed in a review that the degree of dyspnea observed in patients during lung radiotherapy is in fact out of proportion to the volume of lung irradiated (27) , and Evans and colleagues also observed that gross tumor volume does not predict for TGF-β1 levels or radiation pneumonitis (5) .
We observed that IFN-γ and IL-6 significantly increased during prostate IMRT, and we found a promising association between increase in IL-2 and IL-1 and acute gastrointestinal and genitourinary toxicity. Although statistically significant, this early data should be interpreted cautiously given the relatively small sample size and lack of toxicity events in the latter part of our analysis, but they deserve further study in a larger cohort. Fig. 2 . Cytokine variance within patients as a measure of heterogeneity (n = 42, both IMRT regimens). We calculated the variance of each cytokine within patients and the total variance for each cytokine. The data points are the ratio of variance within to the total variance for each of the nine cytokines at baseline (open circle) or during IMRT (black circle) with 95% confidence intervals indicated. There is no significant difference between the ratios at baseline and during IMRT for any of the cytokines based on the confidence intervals shown (untransformed ratios normalized to total variance presented). However, the ratios are particularly large for IFN-γ and IL-8, which may indicate issues with data reproducibility in future experiments.
One question arising from our results is why we did not observe the same patterns of cytokine expression for all patients during IMRT given that they received the same doses based on uniform dose volume histogram (DVH) parameters. Predictable patterns of cytokine expression have been observed previously in a number of murine studies. Rubin and colleagues studied cytokine induction in mice receiving thoracic irradiation of 5 and 12.5 Gy (4). At day 1, and 1, 2, 8, 16, and 24 weeks postradiation the animals were sacrificed and lung tissue was analyzed for cytokine RNA. They found that several cytokines were longitudinally elevated with consistent patterns between mice. For example, IL-1α was elevated at 2 weeks, Fig. 3 . Expression of individual cytokines for radiotherapy patients before and during radiotherapy. Cytokine levels for each patient were aggregated as baseline versus IMRT. Wilcoxon sign-rank analysis was used to identify cytokines for which there was a significant overall change between baseline and IMRT. IL-6 and IFN-γ levels are significantly increased during IMRT versus baseline (n = 42; *P < 0.05). Solid boxes, median values.
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Clin Cancer Res 2009;15(17) September 1, 2009 www.aacrjournals.org returned to baseline, increased at 8 weeks, and remained elevated until 26 weeks when lung fibrosis appeared. Not only did this study show the early and persistent elevation of cytokine production following pulmonary irradiation, but the researchers were also able to determine consistent patterns of expression for multiple cytokines of interest. In contrast, we observed a high degree of interpatient variability in cytokine expression and were only able to model patterns for IL-6 and IFN-γ. That we were not able to determine IMRT patterns of response of all cytokines tested can likely be attributed to the complexity of our patient sample. Despite uniform prostate cancer diagnoses and IMRT treatment plans, our patients had a range of comorbidities and lifestyle factors that may have significantly affected their cytokine profiles and which we were not able to account for in our analysis.
We also investigated pretreatment baseline cytokine expression in a definitive IMRT group (prostate intact) in comparison with the unique control of postprostatectomy patients (with prostates removed) to establish whether a unique prostatespecific signature could be identified. In preclinical work, IL-6 has been shown to act as a growth factor for androgenindependent prostate cancer cells, in addition to activating signal transduction cascades that in turn stimulate androgen receptor activity in prostate cancer cells (28) . In clinical studies, Shariat and colleagues found that plasma IL-6 levels are significantly elevated in patients with prostate cancer metastatic to bone (29) . They also observed that preoperative plasma IL-6 levels predicted for biochemical progression and lymph node metastases in men following radical prostatectomy (30) . Further studies are clearly required to attribute the increased expression of any cytokine in prostate cancer patients as a biomarker of malignancy and tumor response to radiotherapy. The latter will require long-term (e.g. >5 years) coordinated follow-up in these cohorts.
The statistical analysis presented here was intended to be exploratory and to guide future, larger trials. Future studies in larger groups of patients are warranted to determine the time course of serum cytokine changes after radiation exposure and how these relate to normal tissue radiation toxicity with greater certainty. An example would be to compare cytokine expression measurements in patients receiving hypofractionated versus standard definitive fractionation schedules as in the Fig. 5 . Modeled associations between predicted probability of toxicity and change in cytokine over baseline for all cytokines. A, based on our dataset, IL-6, IL-2, and IFN-γ are proteins of interest for predicting gastrointestinal toxicity as all of these cytokines are associated with increased gastrointestinal toxicity. B, for genitourinary toxicity, IL-1 and IFN-γ are cytokines of interest given that changes in these cytokines over baseline are associated with increased genitourinary toxicity during IMRT. PROFIT IMRT trial (31) that compares the efficacy of 60 Gy in 20 fractions with 78 Gy in 39 fractions for the treatment of localized prostate cancer.
In conclusion, proteomics research is feasible and valid based on our study methodology. Future work should focus on timedose protein patterns in a larger cohort of patients given that our preliminary statistical analysis shows a promising relationship between IMRT toxicity and cytokine expression.
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